SUMMARY. Interest in capturing and reusing runoff from irrigation and rainfall in container nurseries is increasing due to water scarcity and water use regulations. However, grower concerns related to contaminants in runoff water and other issues related to water safety are potential barriers to the adoption of water capture and reuse technologies. In this review, we discuss some of the key concerns associated with potential phytotoxicity from irrigating container nursery crops with recycled runoff. The concentration of pesticides in runoff water and retention ponds is orders of magnitude lower than that of typical crop application rates; therefore, the risk of pesticide phytotoxicity from irrigation with runoff water is relatively low. Nonetheless, some pesticides, particularly certain herbicides and insecticides, can potentially affect crops due to prolonged chronic exposure. Pesticides with high solubility, low organic adsorption coefficients, and long persistence have the greatest potential for crop impact because they are the most likely to be transported with runoff from container pads. The potential impact on plant growth or disruption of physiological processes differs among pesticides and sensitivity of individual crop plants. Growers can reduce risks associated with residual pesticides in recycled irrigation water by adopting best management practices (e.g., managing irrigation to reduce pesticide runoff, reducing pots spacing during pesticide application, use of vegetative filter strips) that reduce the contaminant load reaching containment basins as well as adopting remediation strategies that can reduce pesticide concentrations in recycled water.
T he increasing water demand is exacerbating water scarcity worldwide. A list of the top 10 global risk factors published by World Economic Forum indicated that inadequate water supply is the top risk factor in terms of impact and the eighth risk factor in terms of likelihood (World Economic Forum, 2015) . Freshwater withdrawals are mainly used for agriculture, accounting for 69% of global water withdrawal (Food and Agriculture Organization of the United Nations, 2014). Fischer et al. (2007) estimated that water requirements for irrigation will increase by 45% globally in the next 60 years.
Many parts of the United States are facing increasing drought severity and frequency. As a result, surface water sources are declining in many areas. For example, water flow in the Colorado River, which supplies water to %40 million people, could diminish by 35% by 2050 (Johnson, 2013; Rajagopalan et al., 2009; Wines, 2014) . With increasing drought and possible declines in water availability, horticultural producers need to find ways to improve irrigation efficiency, including reusing runoff for irrigation. In 2015, irrigation accounted for 37% of total water use in the United States (Maupin, 2018) . Horticulture is a major sector of U.S. agriculture and it is expanding. In 2014, sales of all horticultural crops in the United States were estimated to be $13.8 billion, which was a $2 billion increase from 2009 (U.S. Department of Agriculture, 2016) . Ample irrigation is a crucial requirement for many horticultural crops, which has led to a continuous increase in water consumption since 2004 (Fulcher et al., 2016) . In 2013, 556,490 of 661,862 acres (84%) of horticulture operations were irrigated. These operations consumed 223 billion gallons of water, 65% of which was applied as overhead sprinkler irrigation (Vilsack and Reilly, 2013) . Irrigation efficiency can be particularly low in container nursery production. In overhead irrigation systems, up to 80% of water applied may be lost as runoff, depending on container spacing and container size (Beeson and Knox, 1991; Mathers et al., 2005) . However, overhead or sprinkler irrigation remains the most common, reliable, and economical method of irrigating plants. A common nursery recommendation is to schedule irrigation to achieve a 15% leaching fraction (i.e., 15% of applied irrigation is leached through the bottom of containers). Allowing a portion of irrigation water to flow out of containers prevents the buildup of soluble salts in the container substrate. However, growers' application practices are often more liberal, such as applying 0.75 inches of irrigation per day, resulting in significant overwatering and runoff (Bailey et al., 1999; Warsaw et al., 2009) .
Increased interest in water capture and reuse in nurseries
Container nursery production is one of the most intensive agricultural systems in terms of resource inputs. Nurseries produce high-value specialty crops within a relatively short period. To produce marketable plants and reduce the risk of crop failure, growers rely heavily on irrigation, fertilizers, and pesticides. This can lead to significant losses of nitrogen (N), phosphorus (P), and potassium (K) through runoff (Andersen and Hansen, 2000; Broschat, 1995; Colangelo and Brand, 2001 ). Elevated concentrations of N and P in water can cause eutrophication, dead zones, and algal blooms (Conley et al., 2009; National Oceanic and Atmospheric Administration, 2017) . Pesticide runoff in nursery production is also a common concern (Mangiafico et al., 2008 (Mangiafico et al., , 2009 . A 10-year survey of major streams and groundwater found that 97% of stream water and 61% of shallow groundwater near agricultural areas had one or more pesticides present (Gilliom et al., 2006) . Pesticides, even at low concentrations, may be detrimental to aquatic and terrestrial life. With rising water scarcity and increasing water pollution, the U.S. Environmental Protection Agency and state and local regulatory agencies are limiting groundwater withdrawals for agriculture and, in some cases, mandating runoff capture and reuse (Beeson et al., 2004; Fulcher et al., 2016) . Moreover, regulations aimed at reducing fertilizer and pesticide runoff will likely increase (Lin et al., 2009) . With this changing scenario, the nursery industry is obliged to consume less fresh water (Fulcher et al., 2016) and find ways to capture and reuse nursery runoff.
Examples of water capture and recycling in nurseries
Capturing runoff water on-site in a containment or retention pond is often the best way to prevent potential environmental problems associated with nursery runoff (Fain et al., 2000) . In nurseries that capture runoff, collected water may be recycled to irrigate plants, either with or without treatment. Capturing and recycling nursery runoff water protects water sources, reduces water costs, and provides a constant water supply (Wilson and von Broembsen, 2015) . The initial investment costs to build recycled water systems can be high, but they are often subsidized by various agencies, which can offset those costs within a few years. For example, a major nursery in California was able to recover the cost of a water recycling system within 1 year based on savings associated with purchasing less water (Pitton et al., 2018) . Therefore, more nurseries are capturing and recycling runoff water. In a survey of 24 greenhouses and nurseries across 11 states, it was found that nurseries met 33% of their daily water requirement during peak irrigation demand using recycled water (Meador et al., 2012) . In a survey of 65 nurseries in Ventura County, California, the number of nurseries collecting runoff doubled in just 2 years (from 2004 to 2006), indicating a rapid adoption rate of runoff capture (Mangiafico et al., 2010) . In a recent survey of 60 nursery and greenhouse producers in Virginia, 51 (77%) said that they would capture and collect runoff water (Mack et al., 2017) . Similarly, in a 1998 survey of 24 nurseries on the Alabama coastline, 75% of the nurseries captured runoff in some way (Fain et al., 2000) . Larger nurseries recycled 68% of total water applied, whereas smaller nurseries, if they had a recycling pond, recycled 98% of their water (Fain et al., 2000) . Of 58 west-central Florida nurseries surveyed in a workshop in 2000, 20 reported collecting runoff (Gisele et al., 2006) . Similarly, a survey of 192 nursery growers across the United States indicated that 43% used water from retention ponds as a source of irrigation but were still concerned about the water quality (White et al., 2013 ).
Concerns about crop safety
Capturing and reusing nursery runoff can assure water security for nurseries and protect water resources, but safety in terms of crop health is a concern for growers. This hinders the adoption of water capturing and recycling technologies. Potential problems with irrigating nursery crops with runoff include water quality, introduction (or reintroduction) of fungal pathogens, and potential damage to crops from contaminants, particularly pesticides that may be present in runoff. Issues associated with pathogens in recycled water are discussed elsewhere in this issue . In this review, we consider the potential for pesticides in runoff to impact the growth and physiology of nursery crops.
WATER QUALITY. Maintaining water quality is crucial for nursery producers. Electrical conductivity (EC), pH, and alkalinity are major factors when determining irrigation water quality; however, these factors may fluctuate in containment ponds. Nursery runoff water may have higher pH, EC, and alkalinity than recommended (Lu et al., 2006a; Zhang and Hong, 2017) . This may be due to the leaching of soluble salts from containers or microbial activities in the pond. A study evaluating water quality of runoff flowing to nine different containment basins showed that pH of runoff was usually higher than the recommended pH of 6.8 (Copes et al., 2017) . In a study of nutrients leaching at different irrigation and fertilizer rates, EC levels often fluctuated in the leachate and were occasionally higher than 1 dSÁm -1 , which is slightly higher than the recommended rate (<1 dSÁm -1 ) for irrigation water (Million et al., 2007; Will and Faust, 2010) .
PATHOGENS (DISEASES). Pathogens are usually the main concern when managing nursery runoff water. The presence of pathogens even in one production area can infest an entire collection pond; if water from the infected ponds is reused, then inoculum can spread over an entire nursery. Plant pathogens are frequently detected in nursery runoff water and collection ponds (Bush et al., 2003; Ghimire et al., 2011; Junker et al., 2016; MacDonald, 1994; Pottorff and Panter, 1997; Werres et al., 2007) , but this does not always translate to the infection of plant material. Along with reusing contaminated nursery runoff water, reuse of dirty pots, lack of proper drainage, and contact of pots with contaminated ground are the most common reasons for the spread of pathogens such as Phytophthora species and Pythium species (Kong and Richardson, 2004; Parke et al., 2008) .
PESTICIDES. Apart from water quality and diseases, growers are also concerned about pesticides when considering the reuse of runoff water. Parween et al. (2016) extensively evaluated the effects of pesticides on grasses and agronomic crops. In this review, we evaluated how nursery crops are impacted by the presence of residual pesticides in irrigation water. Most of the research reviewed relates to nursery production; however, when information was limited, we reviewed other related agricultural production systems.
When pesticides are applied in container nurseries, wide plant spacing may result in pesticide deposition in nontarget areas between the plant containers. For example, in a study of methiocarb application efficiency on weeping fig (Ficus benjamina) and lady palm (Rhapis excelsa), 16% to 30% of pesticide granules landed in the spaces between containers (Wilson et al., 2005) . Subsequent overhead irrigation can carry pesticides in runoff that is ultimately captured in retention ponds. Pesticide runoff has been reported in various nursery operations Riley, 2003; Wilson et al., 1996) . In a study by Gilliam et al. (1992) , 80% of applied granular herbicide landed off-target when empty 2.8-L containers were spaced 30 cm apart. Typically, only a small fraction of pesticides leach out of containers because of high pesticide retention properties, particularly adsorption, of most soilless substrates. Hence, the largest portion of pesticide runoff is due to pesticide application to nontarget areas (Roseth and Haarstad, 2010) . Properties of pesticides such as solubility, volatility, and adsorption as well as nursery management practices such as irrigation method and timing, crop spacing, and groundcover determine the quantity of pesticides in runoff water that eventually reach retention ponds. Briggs et al. (1998a) found isoxaben, thiophanate-methyl, trifluralin, and chlorpyrifos in runoff water from container production systems. Species vary in their sensitivity to pesticides (i.e., a pesticide safe for one species may be potentially detrimental for other species); therefore, plant sensitivity should be considered when decisions related to water recycling are made (Baz and Fernandez, 2002; Fernandez et al., 1999; Lu et al., 2006b; Moorman, 2011; Straw et al., 1996) . Some of the common pesticides found in runoff water and retention ponds, along with their concentrations, are listed in Table 1 .
Pesticides used in nursery production and potential for crop damage
In general, pesticides are compounds designed to control pests that damage crops. In nursery crops, the most widely used pesticides are herbicides, insecticides, and fungicides. Nematicides and rodenticides may also be applied in certain cases. Pesticides are usually carbon-based compounds that have functional groups that target specific sites in animal and/or plant metabolism to kill or inhibit their performance.
HERBICIDES. Herbicides are often the greatest concern among contaminants in nursery runoff because the pesticide target and crop are the same type of organism (plants). Herbicides can be pre-emergence or postemergence. Pre-emergence herbicides are commonly used in container nurseries and are applied to prevent seed germination and weed emergence. Postemergence herbicides are used to kill established weeds. If used on container plants, then many postemergent herbicides may injure established crop plants along with target weeds; hence, they are rarely applied in containers except to control weeds in noncrop areas such as walkways, aisles, and ditches (Atland, 2014; Robbins and Boyd, 2011) .
The mode of action refers to the specific mechanisms by which herbicides kill or suppress weeds. More than 20 different modes of action have been documented for commercially available herbicides (Duke and Dayan, 2015) ; of those, herbicides with six different modes of action are commonly used in nurseries (Table 2) (Robbins and Boyd, 2011) . The site of action is more specific and defines specifically where an herbicide has an impact (Table 2) . For example, the mode of action of oxyfluorfen is cell membrane disruption, and its site of action is protoporphyrinogen oxidase (PPO) inhibition (Ross and Childs, 1996; University of Wisconsin, 2013) .
INSECTICIDES. Although the mode of action of insecticides targets insect metabolism, some insecticides can affect plants as well. Insecticides can reduce plant growth, mainly by inhibiting chlorophyll formation and interfering with photosynthetic reactions (Mishra et al., 2008; Parween et al., 2011a Parween et al., , 2011b Parween et al., , 2012 . Chlorpyrifos, a commonly used insecticide, can alter chlorophyll concentration, affect leaf sugar content, inhibit chlorophyll formation, and degrade chlorophyll (Parween et al., 2011a (Parween et al., , 2011b Prasad et al., 2015) . Insecticides belonging to the pyrethroid family and organophosphate family can stress plants, thereby triggering the production of free radicals (Bashir et al., 2007; Parween et al., 2012) . Free radicals are highly reactive molecules that can damage cell membranes. Carotenoid content increased when plants were exposed to pyrethroid and organophosphate as a response to increased free radicals (Prasad et al., 2015) . Pyrethroid and organophosphate also produce reactive oxygen species and cause lipid/ membrane peroxidation (Prasad et al., 2015) . Superoxide dismutase, an antioxidant enzyme in plants, increased when plants were exposed to these pesticides (Parween et al., 2012; Prasad et al., 2015) . Deltamethrin, a pyrethroid, inhibits the formation of spindle fibers during cell division, thus producing abnormal cells (Chauhan et al., 1986) . Pyrethroids may also reduce photosynthetic light use (R ozsav€ olgyi and Horv ath, 2008). Insecticides from organophosphate and carbamate families can inhibit nitrification because nitrifying bacteria are sensitive to these insecticides (Lin et al., 1972) . Imidacloprid can reduce seed germination (Dubey and Fulekar, 2011; Stevens et al., 2008) , and deltamethrin can extend the vegetative cycle of plants (Fidalgo et al., 1993) . Pyriproxyfen, fipronil, imidacloprid, and thiamethoxam reduce the phosphorus solubilization activity of rhizosphere bacteria, causing a reduction in phosphorus available for plant uptake (Ahemad and Khan, 2011). Indole acetic acid (IAA) production from rhizosphere bacteria is also reduced by these pesticides, which may lead to reductions in cell elongation and growth (Ahemad and Khan, 2012) . Oxydemeton-methyl and pirimicarb, when combined with fungicides mancozeb and flusilazol, reduced photosynthesis by inhibiting phosphorylation and adenosine triphosphate (ATP) formation (Untiedt and Blanke, 2004) . Hence, the presence of insecticides in retention ponds has the potential to induce phytotoxicity.
FUNGICIDES. Nursery managers often apply various fungicides to protect crops from a wide range of fungal diseases. Although fungicides may be effective at controlling fungal diseases, they may also be phytotoxic to sensitive plants. (Chase, 2010; Getter, 2015) . Fungicides may contain inorganic ingredients, such as copper and sulfur, or organic compounds, like metalaxyl or triflumizole. Both inorganic and organic compounds can induce phytotoxic effects on plants (Petit et al., 2012; Tjosvold et al., 2005) . Fungicides may affect plant growth and performance by direct inhibition of photosynthesis or by degradation of ribulose 1,5-bisphosphate (RuBP) carboxylase (Van Assche and Clijsters, 1990) . They also may slow regeneration of RuBP, reduce g S , lessen the stomatal opening, and degrade photosystems (Nason et al., 2007; Xia et al., 2006) . Fungicides can also oxidize and destroy membranes. Destroying membranes leads to the reduction of electron transport reactions, altered source sink relations, and reductions in pigments such as chlorophyll a, chlorophyll b, and carotenoids (Benton and Cobb, 1997; Saladin et al., 2003; Vinit-Dunand et al., 2002) . Fungicides have also been reported to reduce photochemical efficiency through the reduction in photochemical quenching (Dias, 2012) . There have been a few instances of increased photosynthesis and growth in response to relatively low doses of fungicide treatment (Saladin et al., 2003; Untiedt and Blanke, 2004) .
Properties of pesticides that may affect phytotoxicity of runoff
Pesticides differ in their physical and chemical properties. Ultimately, these properties determine the potential for compounds to move with ) (Poudyal et al., 2018) . PERSISTENCE. Pesticide degradation occurs via various factors such as light, water, chemicals, microbes, or plants. The half-life (DT 50 ) refers to the time required for a pesticide to reduce to half of the concentration initially applied. The half-life of pesticides varies depending on environmental conditions. Based on the half-life, pesticides are classified as nonpersistent (DT 50 < 30 d), moderately persistent (DT 50 = 31-90 d), and persistent (DT 50 > 90 d) (Deer, 2004) . Persistent pesticides have greater potential to remain longer in retention ponds. With other factors remaining constant, a pesticide with a longer half-life (persistent) has higher potential to cause phytotoxic effect on plants; however, pesticides with short half-lives (nonpersistent) can require frequent reapplication that can increase their concentration in retention ponds. Pesticides such as isoxaben (2-6.6 months), oryzalin (1.4-4.4 months), and oxyfluorfen (1-6 months) may have long halflives; therefore, they can still be present even after months in retention ponds.
VOLATILITY. Volatility is a measure of the potential of a compound to evaporate; it is usually measured in millimeters of mercury (Hg). Pesticides with vapor pressure <0.000001 mm Hg are less volatile, whereas pesticides with vapor pressure >0.01 mm Hg are highly volatile.
During pesticide applications, vapor from volatile pesticides may quickly drift to nearby nontarget plants and may cause immediate phytotoxicity in sensitive species. Highly volatile pesticides are less likely to appear in runoff and to be transported to a containment pond. Pesticides like chlorpyrifos (0.00002 mm Hg) and triflumizole (0.0000014 mm Hg) are volatile and may drift to nearby areas, causing injury to sensitive species. The volatility of pesticides, although important, is not constant and differs with environmental conditions and interactions with other chemicals. For example, volatilization may reduce the half-life of chlorpyrifos in surface water to as short as 0.3 to 3.2 d. However, in a retention pond, this may extend to 1 to 2 months due to slower microbial transformation and lower pH of collected water (Leistra et al., 2006; Lu et al., 2006a; Meikle et al., 1983) .
Factors affecting the potential for crop injury
Pesticide concentrations are low in nursery runoff water, and they are even lower in retention ponds compared with labeled application rates. The recommended rate of isoxaben application is %4500 mgÁL -1 (calculated using label rate), and the concentration found in retention pond is %0.055 mgÁL -1 (Wilson et al., 1996) . A similar pattern is true for most pesticides, but irrigating with runoff can result in chronic plant exposure to pesticides. Long-term exposure to low concentrations of residual pesticides has the potential to cause crop injury. This potential for damage depends on a series of factors, including plant sensitivity, pesticide type, pesticide dose, length of pesticide exposure, and growth stage when plants are exposed.
PESTICIDES. Certain pesticides may be more likely to cause plant injury than others. Baz and Fernandez (2002) observed that isoxaben (4 ppm) was more damaging to semi-aquatic woody nursery plants than oryzalin (4 ppm) in terms of growth and photosynthetic responses. Similarly, isoxaben (5 ppm) had a greater impact on growth and photosynthetic parameters of semiaquatic herbaceous perennials compared with oryzalin (5 ppm) (Fernandez et al., 1999) . In a large phytotoxicity trial by Mathers et al. (2012) , phytotoxic damage was observed on rose (Rosa sp.) when sprayed with isoxaben (2.25 lb/ acre) plus oryzalin (0.8 qt/acre), but exposure to indaziflam (38.1 lb/acre) did not cause damage. In the same study, the combined application of flumioxazin (0.612 fl oz/acre) and oryzalin (25.85 fl oz/acre) injured compact euonymus (Euonymus alatus) and common purple lilac (Syringa sp.), but dimethenamid-P (13.4 fl oz/acre) plus pendimethalin (0.04 qt/acre) did not induce phytotoxicity on compact euonymus (Mathers et al., 2012) . In a fungicide study, ghent azalea (Rhododendron daviesi) exhibited phytotoxicity resembling sunburn and leaf lesions after 1 week of treatment with a sulfur-based fungicide (19 ppm); however, other fungicides, such as propiconazole (0.088 mLÁL ), did not produce phytotoxicity (Vea and Palmer, 2017a) . In the same study, copper sulfate pentahydrate (0.655 mLÁL ) was completely safe (Vea and Palmer, 2017a) . In a dose-response study including isoxaben (0-1.4 ppm), oxyfluorfen (0-0.02 ppm), and chlorpyrifos (0-0.4 ppm), panicle hydrangea (Hydrangea paniculata), silky dogwood (Cornus obliqua), and hosta (Hosta sp. 'Gold Standard') were exposed to low doses of each pesticide. Of the three pesticides, only oxyfluorfen (0.005-0.02 ppm) caused phytotoxic damage (Poudyal et al., 2018) . Neem oil extract (7 mLÁL -1 ) reduced photosynthesis and growth of gerbera daisy (Gerbera sp.), but the insecticide abamectin (1.51 ppm) had no effect (Spiers et al., 2008) . Insecticides such as cinnamaldehyde (1.494 mLÁL ) were phytotoxic on spanish lavender (Lavandula stoechas), oregano (Origanum vulgare), rosemary (Rosmarinus officinalis), St. John's wort (Hypericum perforatum), woolly thyme (Thymus pseudolanuginosus), and nutmeg thyme (Thymus praecox); however, insecticides such as capsaicin (62.25 mLÁL -1 ) and azadirachtin (3.75 ppm) were safe on those species (Cloyd and Cycholl, 2002) .
PLANT SENSITIVITY. Plants often differ in their sensitivity to pesticides. In an evaluation trial of isoxaben (0.045 lb/acre) and pendimethalin (2 lb/acre), both compounds reduced the plant height of winter
• https://doi.org/10.21273/HORTTECH04302-19 creeper (Euonymus fortune 'Emerald n Gold') but did not affect heller's japanese holly (Ilex crenata 'Helleri') (Regan and Ticknor, 1987) . In a study by Bhandary et al. (1997a) , oryzalin, oxyfluorfen, and isoxaben were applied separately with irrigation water at either 1 or 10 ppm. Isoxaben reduced fresh root mass for heller's japanese holly at 10 ppm, but it did not affect dwarf gardenia (Gardenia jasminoides radicans). Oryzalin (10 ppm) and oxyfluorfen (10 ppm) reduced shoot fresh weight of fountain grass (Pennisetum rupeli), but it did not affect shoot fresh weight of daylily (Hemerocallis hybrid), dwarf gardenia or heller's japanese holly. In a similar study, when dwarf gardenia and fountain grass were irrigated with 0.01, 0.1, and 1 ppm of oryzalin, 1 ppm reduced root and shoot weight for fountain grass but did not affect dwarf gardenia (Bhandary et al., 1997b) . Isoxaben, even at the label-recommended rate, caused serious phytotoxic damage to foxglove (Digitalis purpurea), purple coneflower (Echinacea purpurea), lamb's ears (Stachys byzantine), and false spirea (Astilbe sp.), but it was safe on statice (Limonium latifolium), little bluestem (Schizachyrium scoparium), and red maple (Acer rubrum) (Vea and Palmer, 2017b) . Application of oxyfluorfen plus oryzalin (12 lb/acre) on woolly yarrow (Achillea tomentosa) caused stunted growth (70% to 80% growth reduction), but woolly thyme was unaffected (Staats et al., 1998) .
PESTICIDE DOSE AND EXPOSURE. Although pesticide concentrations in retention ponds are low compared with application rates, continuous irrigation even with low doses may build and cause phytotoxic responses. Miticides such as phosmet (applied at 0.6 and 1.2 gÁL -1 ) and vinyl dimethyl phosphate (applied at 0.6, 1.2, and 2.4 gÁL -1 ) had dosedependent effects on flowers of various cultivars of chrysanthemum (Chrysanthemum sp.), but damage was only seen with higher doses (Poe, 1970) . In a study by Bhandary et al., (1997a) , 1 ppm of oryzalin reduced fresh shoot weight of fountain grass by 13.5% whereas 10 ppm reduced growth by 92.7%. Similarly, 1 ppm of oxyfluorfen reduced the fresh shoot weight of fountain grass by 11.4% compared with 31.2% by 10 ppm of oxyfluorfen. In the same study, isoxaben at 1 and 10 ppm increased root phytotoxicity (based on a rating of 0 to 10) by 37% and 56%, respectively. Indaziflam (herbicide) was applied at 200, 400, and 800 lb/acre to different ornamental plants and the application was repeated after 4 weeks. For smooth hydrangea (Hydrangea arborescens 'Invincibelle'), big leaf hydrangea (Hydrangea macrophylla 'Endless summer'), and judd viburnum (Viburnum X Juddii), increasing the dose of pesticides increased phytotoxic damage, and repeated applications further exacerbated the damage (Mathers et al., 2012) . Isoxaben application at the recommended rate (0.5-1 lb/acre) had no phytotoxic effect on butterfly bush (Buddleia davidii) or hairawn muhly (Muhlenbergia capillaris), but isoxaben application produced phytotoxic symptoms when the dose was increased to 2 lb/acre (Vea and Palmer, 2017b) .
GROWTH STAGES AND PLANT PARTS. The sensitivity of nursery crops to pesticides is likely to vary depending on the growth stage of the plants at the time of application. However, research detailing the phytotoxic response of plants to pesticide application at various growth stages is limited, and results have been variable. Generally, pesticide labels suggest avoiding pesticide application at the seedling stage or younger. In a study by Richardson (1972) , phytotoxicity in sugarcane (Saccharum sp.) was higher when 2,4-D (3.3 kgÁha -1 ) was applied at later stages of growth. However, for sunflower (Helianthus annuus), the application of an herbicide (flumioxazin, 30 gÁha -1 ) at early stages of growth caused greater photosynthesis reduction and slower recovery from damage compared with application at later stages (Jursik et al., 2013) . Chlordimeform (1.2 gÁL -1 ), an insecticide, caused phytotoxic damage to younger leaves of chrysanthemum but had no effect on older leaves. Cyhexatin (0.14 gÁL -1 ), a miticide, caused phytotoxic damage to flowers of chrysanthemum, but the foliage was unaffected (Poe, 1970) .
Mitigating risks from residual pesticides in recycled runoff
As indicated, residual pesticides in recycled runoff can potentially damage nursery crops under certain conditions. Fortunately, there are several ways to reduce the risk of phytotoxicity arising from irrigation with recycled runoff. A complete discussion of mitigation technologies is beyond the scope of this review. We present a few examples of techniques to reduce or remediate pesticides in runoff. For a more complete review of mitigation technologies, readers are referred to the work by Majsztrik et al., (2017) and to the Clean WateR 3 website (Clean WateR 3 , 2019) .
The potential for a pesticide to be present in runoff depends on the formulation of the pesticide. In a study of the effect of formulation on runoff of isoxaben and trifluralin, the concentration of isoxaben in runoff was 25% to 61% greater when the product was applied as a granular formulation compared with a spray application (Briggs et al., 2002a) . For trifluralin, the formulation did not affect the runoff concentration (Briggs et al., 2002a) . The type of nursery bed liner can also affect pesticide runoff. When comparing nursery bed flooring, plastic groundcover had the greatest isoxaben runoff, followed by landscape fabric and gravel. Runoff losses from both granular and sprayable formulations were higher for plastic and fabric compared with gravel (Wilson et al., 1995) . The irrigation design is also effective for controlling pesticide runoff. Cyclic irrigation, whereby total water for each day is applied in short intermittent cycles, usually has less pesticide runoff compared with continuous irrigation (Briggs et al., 1998b) . Using pesticides with low solubility, whenever possible, can also reduce the concentration of pesticides in runoff (Riley, 2003) . Plant shape and size and container size and spacing can also influence pesticide runoff. Minimizing plant spacing when applying pesticides can reduce nontarget applications. Herbicide application losses were 23%, 51%, and 80% when spacing was 0, 8, and 12 inches between containers, respectively (Gilliam et al., 1992) . Highly soluble and less volatile pesticides such as isoxaben and thiophanate-methyl have greater runoff potential compared with less soluble pesticides such as chlorpyrifos and trifluralin (Briggs et al., 1998a) .
CONSTRUCTED WETLANDS AND VEGETATIVE BUFFER. A constructed wetland is a marsh designed to hold and treat runoff, whereas vegetative buffers are usually narrow strips of land established with plants in the path of runoff. Both of these systems reduce pesticide concentration through adsorption, microbial degradation, volatilization, infiltration, and plant uptake (Newman, 2010) . In a review of pesticide removal using constructed wetlands, pesticides such as organochlorine (97% removal) and organophosphate (94% removal) were almost completely removed, but pyrethroid removal was %80% (Vymazal and B rezinov a, 2015) . Pesticide removal efficiency of constructed wetlands and vegetative buffer increases with the pesticide K oc value and runoff retention time (Stearman et al., 2003; Vymazal and B rezinov a, 2015) . Both vegetative buffers and constructed wetland systems can reduce pesticide concentrations in runoff from 50% to 99% (Otto et al., 2016) , and they are particularly effective at removing pyrethroids (Bennett et al., 2005; Budd et al., 2009) . Runoff retention time for pesticide removal may vary from a few hours to days depending on the properties of pesticides (Vymazal and B rezinov a, 2015) .
SAND FILTERS. Well-engineered sand filter systems have great potential to remove runoff pesticides (Hedegaard and Albrechtsen, 2015) . A rapid sand filter can remove pesticides like mecoprop (MCPP), bentazone, and glyphosate, with a success rates varying from 7% to 85% (Hedegaard and Albrechtsen, 2014). Removal of pesticides such as trifluralin, fenitrothion, and endosulfan have also been achieved using sand filters (Aslan, 2005) . The microbial community on the top layer of slow sand filter can degrade pesticides, thus creating an effective pesticide removal system (Escol a Casas and Bester, 2015; Samuelsen et al., 2017) .
ACTIVATED CARBON FILTERS AND FILTER SOCKS. Activated carbon is a positively charged substrate that can adsorb polar or negatively charged pesticides. The efficacy of carbon filters depends on the type of carbon filter material used, temperature, and flow rate of the filtration system. Activated carbon filters effectively remove agricultural pesticides (Hetrick et al., 2011; Jusoh et al., 2011; Kabashima et al., 2004 ; Martı ın-Gull on and Font, 2001) as runoff water passes through the carbon filter. Removal efficiency may be as high as 99.5% for organic compounds and negatively charged ions (Majsztrik et al., 2017) . Carbon filters with granular activated carbon completely removed acephate and paclobutrazol when the contact time was 64 s. The same system also removed bifenthrin, chlorpyrifos, imidacloprid, and glyphosate by 72.2%, 89%, 85.3%, and 99%, respectively (Grant et al., 2019) .
Filter socks are long tubes made of mesh material that are commonly used to intercept sediment carried in runoff. In a low-flow system, fill material such as wood chips can be used to remove pesticides from runoff water; however, in a high-flow system, filter socks may not be very effective (Majsztrik et al., 2017; Roseth and Haarstad, 2010) . Different substrates like pine bark, sphagnum moss, peat, sand, and compost are effective filler material for pesticide removal. In a study testing the efficacy of substrate for the removal of 21 different pesticides, pine bark was the most efficient and removed nearly 100% for 20 different pesticides. Peat removed nearly 100% of 16 different pesticides (Roseth and Haarstad, 2010) . Substrates with a high adsorption coefficient such as pine bark will have higher removal efficiency (Roseth and Haarstad, 2010) . In a study by Shipitalo et al. (2010) , filter socks filled with compost were effective for removing sediments and agrochemicals such as alachlor (18% removal) and glyphosate (5% removal) from surface runoff. In addition to these strategies, other best management practices can help manage pesticides in nursery runoff (Southern Nursery Association, 2013) .
Conclusions
Managing water resources is a major concern for nursery growers throughout the United States. Growers in many regions face the prospect of increasing scrutiny and regulation by environmental agencies. Therefore, nursery growers are looking for alternative ways to meet the crop water demand. Capturing and reusing runoff water may be an option to cope with water shortages and environmental regulations, but the risk associated with pesticide phytotoxicity may hinder grower adoption of recycling and reuse technologies. Pesticides can cause phytotoxic responses by interfering with metabolic processes of plants, including inhibiting tubulin formation, inhibiting chlorophyll formation, and penetrating lipid membranes. This interference leads to reductions in plant photosynthesis and growth. However, pesticide concentrations in remediation ponds are typically several orders of magnitude lower than the application rate due to dilution from irrigation and rainwater , thereby greatly reducing potential phytotoxicity in nursery crops. Nursery growers need to be cautious when irrigating with captured runoff that may contain herbicides and certain insecticides. Herbicides such as oxyfluorfen may be phytotoxic at very low concentration. Plants, such as rose, may be sensitive to numerous pesticides. Even with low pesticide concentrations, repeated applications may build pesticides and cause phytotoxic symptoms.
Among pesticides, herbicides typically pose the greatest risk because of the similarity between pest that is controlled (weeds) and the crop plant. Nonetheless, insecticides and fungicides may also affect nursery crops; fungicides containing copper sulfate may cause phytotoxic responses. Other factors to consider include the pesticide solubility, adsorption potential, and half-life of pesticides. Pesticides with high solubility, low adsorption to organic matter, and a long half-life are more problematic because they have a higher tendency to be carried in runoff and to degrade very slowly. The growth stage of plants is also important when considering potential phytotoxicity. Exposure to pesticides at early stages of growth may have greater potential for injury, but research of the growth stage and phytotoxicity of nursery crops is very limited.
The best strategy for preventing pesticide phytotoxicity is minimizing pesticide movement to retention ponds. Reducing container spacing during pesticide application can reduce off-target pesticide loss. Using less soluble pesticides will lower the potential for pesticides to be in recycled irrigation water. Creating vegetative buffer zones and using filter socks to trap pesticides will reduce pesticide movement and accelerate their degradation. All of these techniques lower the concentrations of pesticides in retention ponds. Therefore, capture and reuse of runoff for irrigation may be viable and sustainable for nursery growers and may help them deal with water scarcity and environmental issues. 
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